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SYNOPSIS 


Thesis entitled CP-Preserving Analysis of 
Neutral xO-meson Decay' submitted by Vi jay 
Eumar Agarwal in partial fulfilment of the 
requirement of the Ph.D. degree to the Depart- 
ment of Physics, Indian Institute of Technology, 
Ean pur - 2 08 01 6 


August, 1975 


It is universally accepted that the phenomenon of 
neutral K-decay is to bo understood in the context of 
violations of GP-invarianc e. However, it appears strange 
that even after a decade no other phenomenon has been 
discovered which also requires violation of CP-invariance. 

A basic principle :being so selective in its display is 
an uncomfortable feature. Consequently, it appears useful 
to renew an effort to understand tho neutral K-decay 
phenomenon within the requirements of CP-conservation. 

Present analysis is made in terms of the S-matrix. 

The decaying state, in general, is characterized by a pole 
in the S-matrix. However, it is found that the OP-preserving | 
analysis necessitates more complicated singularity struc- ; 
ture of the S-matrix than a simple pole. In tho neighbour- 
hood of the pole, a branch point (distinct from the threshold: 
branch points) is postulated. The occurrence of this branch 
point does not violate causality or unitarity or CP-invariance 
Proximity of the branch point to the pole allows for a 



leakage resonance- like behaviour in the next sheet round 
the branch point. Such a situation will lead to two effective 
resonances in mutually orthogonal channels arising from a 
single pole. The occurrence of CP = + 1 component of can, 
therefore, be interpreted as the leakage from a pole in the 
CP = -1 sheet. The state j 1 + > corresponding to this 
leakage term, is produced solely due to the weak-int erantion. 

The time-dependence of the decay-amplitude with the 
S-matrix possessing a CQmbina.tion of pole and, a branch point 
is, in general, expected to be non -exponential. However, it 
is found that for some particular positions of the branch 
point, the decay -amplitude can be fa.irly well represented 
by an exponential function. Further, the parameters of the 
two pion interference in kaon decay determine the actual 
position of the br8,nc.h point. 

The existing experimenta.l data are a l l shown to be 
consistent with the proposed s cheme .' However , under suitable 
experimental set up the unusual behaviour of the leakage 
state, |L + > , does load to clear distinctions of the 
proposed scheme with the conventional CP-violating (CPV) 
theories . ^'^henever, the beam of delayed kaon passes 
through a nuclear material, the sta.te |L + > emerges 
largely unaffected while [i - > (corresponding to CP = -1 
with pole at Mj^)is attenuated. Therefore, the asymptotic 



value of the Icptonic charge-asymmetry following regenera- 
tion is expected to be dependent upon the thickness of the 
regenerator in contrast with the results of the CPV-phenomeno- 
log7 xvhere this value is same for all regenerators . further- 
more ^ the two pion interference is expected to exhibit more 
com''^lex dependence on thickness of regenorator in the proposed 
analysis than in the CPY-analysis. The existing experimental 
data are indecisive about such features because of large 
experimental errors. 



CHAPTBE I 


INTRODUCTION 


Tile neutral E-iaeson is the only example of a 

self conjugate system where one can define any CP-invariance 

selection rules-. .G-ellmann-Pais^ first chtained such selection 

rules hy proposing their famous particle-mixturo hypothesis 

and concluded that the OP-eigenstates of neutral IC-meson 

with eigenvalues +1 and -1 decay with different life-times. 

The one with CP = +1 decays much faster than the CP = -1 

2 

component. The discovery of non-conservation of parity 
touched off subsequent speculations about the possible CP - 
non-invariance. It was suggested by loo"^ that a possible 
CP -non-invariance in Gellmann-Pais (G-P) scheme will mean 
existence of delayed two pion (CP = +1) decays. This inturn 
will lead to the phenomenon of interference between the 
amplitudes for prompt and delayed two pion decays in a beam 
of neutral kaon. It was also pointed out that such deviations 
from G-P scheme will imply a favour to a particular leptonic 
charge in the semi-leptonic decays. 

In 1964, Christensen et al discovered the two pion 
decay delayed mode. The following year. Pitch et al observed 
interference in the two pion decays in a beam of neutral 
kaon. The CP-violation parameter, t), defined by the ratio of 
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the amplitude for delayed 2 pion deca,y to the amplitude for 

prompt two pion decays was measured along with the mass 

differences of the two kaon states, Ia.ter on, the charge- 

asymmetry in semi-leptonic decays of delayed Kaon was 

fi n 

also measured by Dorfon and Bannett i The magnitude of 
these two parameters was foimd to be of the order of 10 . 

The smallness of the effect suggests that the OP-invariance 
is otherwise a good ssrmmetry. 


8 

There are many theoretical models^ which were proposed, 

to understand the mechanism of the decay phenomenon of the 

neutral kaon. The most successful of them all is the super- 

weak model^. In this model an interaction with a coupling 
-9 

constant 10 times the usual weak interaction coupling 
constant is assumed. This new interaction violates CP- 
invariance and admits [as| = 2 transitions, namely 

Eq Eq. The two pion decay interference-phenomenon can 
be easily demonstrated and the phase of the parameter t) 
is given by, 



—1 s 

phase r) = tan (PAm/rc.) - Tt/4 • , 

The subsequent experiments, surprisingly, lead to a phase 

10 

as predicted by superweak theoiy 


The phenomenological models proposed so far to 
describe the behaviour of the neutral kaon, are all based 
on the assumptions of a simple time-dependence for the 



decay amplitude. This time-dependence is more conveniently 

understood in terms of a singularity of the appropriate 

S-matrix . The normal analyticity postulate associates 

a resonance state with on isolated polcj in the S-matrix. 

13 

However y this postulate is not well-esta-blishod . In fact, 
there exists at least one class of field thcorics^^ where 
the S-matrix is not analytic in conventional sense. 

We would like to explore the possibility that the 

neutral kaon resonances are represented by more complicated 

singularity structures than simple isolated poles. The new 

structures will include branch points which, however, do not 

violate causality or unitarity. In the work presented here, 

15 

we investigate a model proposed earlier to understand the 
neutral K-meson phenomena within CP-preserving framework. 

It was the conclusion of referencel^ that such phenomenology 
forces inclusion of branch points (distinct from the threshold 
branch points) besides the usual pole in the S-matrix. 

In Chapter III of the present work, we calculate the 
time-evolution of the neutral K-meson state in terms of the 
proposed S-matrix, It is found that the time-dependence of 
the decay-amplitude is, in general, non- exponential. However, 
for some particular positions of the branch point, the decay 
amplitude can be fairly well approximated by an exponential 
term, 3)iie equality of the parameter rj, for charged pion and 
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and neutral pion decays of neutral liaon, is found to be 
trivial because of the occurrence of the same S-matrix 
element in the corresponding amplitudes. The phase of the 
parameter r\ fixes the position of the branch point. 

In Chapter IV, the regeneration in a nuclear 
material is considered and clear distinctions from the 
conventional CP-violating (CPV) approach brought about. 

Since the multiple scatterings in a thick regenerator 
contribute significantly, these effects are also included 
in the calciJilations. 

In Chapter V, the two important phenomena namely, 
the two pion interference and charge -asymmetry in semi-leptonic 
decays, are considered in detail. The calculations are com- 
pared with the CPV-results and also the experimental data. 

It is found that the present experimental data can be under- 
stood within the phenomenology, however, more critical and 
decisive experiments need to be done. Some probable future 
experiments to test the proposed analysis are suggested in the 
concluding remarks. 



CHAPTER II 


NEUTRAL K-MESON STATE AND THE 3-MATRIX 

The phenomenological neutroL K-meson state describing 
the decay phenomena is considered as a, resonance in a.n 
appropriate scattering experiment. The details of the 
scattering experiment are not relevont to the subsequent 
analysis which is performed in terms of the out-states. 

However, the separation of the resonance from other fragments 
of the scattering experiment will require care. As an 
illustration, let us consider a broad featureless super- 
position over energies of the in-states; 

1 N I / dS a^(B)l E, a,- in> (l) 

a 

To study the subsequent decay properties, we must analyse (l) 
in terms of out-states i.e. 

I ;|j> = N s /dE| E, P; out> Sg^(E) a^(E) (2) 
a,p P' 

The superposition coefficient S(E) a.(l) in (2) may or may 
not have sharp energy dependence. The time-dependence of (2) 
is given by, 

I f t> = N . E /dE e"^®^ 1 E, pj out>Sg^ (E) a (E) 

ry A r 


(3) 
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Now if S(E) is broad and featureless i,e. smooth, function 
of the relative phases of f E, p,* out > in ji/j ; t > will 
change rather quickly with time because a wide range of 
values of E contribute significantly to (3). On the otherhand, 
if S(S) is sharply peaked in E^ then for all the practical 
purposes the relative phases in| ; t > would change signi- 
ficantly only in periods larger than the order of inverse of 
peak -width. But \mitarity implies that S(E) is essentially 
a phase and hence there cannot be peaking, consequently (3) 
must describe a state changing rapidly with time. This con- 
clusion is not necessarily true because [S(E)-1] could be a 
peaked function. This will mean, the resonance will show 
if properly separated from the unscattered amplitude. If 
only we wait for sufficient time, the resonance part ■Jcan 
be filtered. The resonance state can be written as: 


N 2^ /dE| E, Pj out> [S. (E) - 6 J a^(E) (4) 

a,p 


A simple pole in the S-matrix means a simple pole in 

16 

the determinant of the S-matrix. Weidenmuller and 

1‘7 1 R 

Goebel and McVoy (also McVoy ) have noted that the 
eigenvalue functions of the S-matrix, in general, possess 
complicated analytic properties , even when the S-matrix has 
a simple pole. One expects a single multiple-valued analytic 
function to represent, in various sheets, all the eigenvalue 
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functions. If the branch point is noar the polo, then as 
one scans through the energy values over a range clear 
across the resonance, a sequential fast rise of the successive 
eigenphases (connected at this branchpoint) ensues such that 
the sum of the eigenphases increase through ii:. Thus the 
single pole, which occurs in just ono of the eigenvalue- 
function sheet, activates all the phases and no one of 
them will show a pure exponential deca.y. The non-exponential 
nature of the decay arises from tho deficit in reaching the 
normal resonance form for the phases. However, if the 
branch point is far away, or if there are special, circumsfc ances 
leading to a cancellation of the branchpoints, one has an 
isolated pole in a single eigenvalue- function which does not 
activates any other eigenvalue-fiznction and hence displays 
exponential decay characteristics. 

2.2 THE PHENOMEHOLOGICAI E^-STATB VECTOR-. 

The phenomenological state vector for neutral kaon is 
constructed as a coherent superposition of all its decay 
channels. The time-dependence of this state is given in terms 
of two S-matrix functions, S_|_(E) and S_(E) corresponding to 
CP- eigenvalues +1 and -1 respectively. ¥e also assume that 
the phase space factors have been absorbed in the superposition 
coefficients. Furthermore, it is assumed that the same 
S-matrix function with a resonance form describes all the 
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decay channels corresponding to one CP- eigenvalue. The 
superposition coefficients are, in general, smooth functions 
of B, so that for all practical purposes these coefficients 
may he replaced hy constants. Therefore, the neutral kaon 
state tentatively is written as 


j ZqJ t> = F/dB [S^(Iil)-l] z 0+ |B,m, + ; out > 

HI 

+ K /dE [S_(,E)-1] I 0^ | E.,n,-j. out >(5) 

” n 

where +ve and -ve sign represent the GP-eigenva„lue and m or n 
collectively stand for various quantum-numhers characterizing 
the various decay channels. 


The various partial decay-widths will determine the 

I 19 

magnitude of the coefficients C s. It can also he noticed 
that A I = l/2 rule will suppress the coefficients 


and c! 


The coefficients C, 


and 0 




'371,1=2 "37e,I= 3* '"3m, 1=0 "371,1=2 

will he suppressed hy the centrifugal harrier. The three 

particle states require further characterization regarding 

the mode of energy sharing. 

The phases of the superposition coefficients are fixed 
20 

hy Watson’s theorem which gives the phases in terms of 
the asymptotic situation where the de cay -interact ion is 
absent. That means the phases of C 2 ^ and 0^^ are given in 
terms of the corresponding strong-interaction phaseshifts 

' 4 - — 

and the phases for and 

helicity of lepton. 


are equal for same 



9 


The normalization, of (5) together with the preservation 
of OP, implies equal weights to "both the CP~sectors, i.e. 


1 

2 

CM 

11 

/ dE 

sin* 

6^(E) 

s!c'^ 

m 


= 4E^ 

/ dE 

sin* 

6_(E) 

n 


where , 

S^(E) = exp [2i 6_^(E)] 


The probability amplitude that the state (5) at any 
time t is still the state | is given by the composite 

part of 

2 

< KqI t>= 411* E /dE sin* 6_j_(E) I I 

m 

+ 4N* E/ dE !C“ 1 ^ e“^®^ sin* 6_(E) (6} 

n 

This will indicate a sustained amplitude if sin* 6(E) has a 
sharp peah. A typical form arising from an isolated pole in 
the S-matrix, 


sin* 6(B) = (r/2)^/[(E-E^)^ + r ^/4 } 


leads to an amplitude 

/ dE sin* 6(E) 


211 

2 


-iE^t- r t/2 

e 
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However, ours is not such, a simple case. The experi- 
mental observation that the long lived component of neutral 
K-meson also decays to OP = +1 eigenchannel, implies that 
the structure of the S-matrix function S_^(H) should he such 
that the ^amplitude 

f dB e'"^'^'^ sin^ S_^(B) 


clearly reveals two life-times, corresponding to the prompt 
(Kg) and the delayed (Kj^) components. 


2.3 MODEL WITH OTER-IAPPING EBSOKONAHCES : 


A simple and crude model to describe the neutral 
K-meson phenomena can be given by assuming the OP = +1 
amplitude arising from two overlapping-simple resona^nces. 

The phaseshift is, then, expressed as an appropriate 

addition of two phaseshifts 6g(B) and each represent- 

ing a simple isolated resonance at masses and widths 
corresponding to Eg and Kj^ respectively. If now we consider 
the trivial identity, 

2i6^(B) 2i6,.(B) 2i6„(E) 2i6.r(2) 

e-^ =e^ +e^ [e^ -l] (7) 

2i6j^(B) 

then, since the function [e -1] ' is sharply peaked at 

E = m-j^ and because (r^/rg)<< 1 , the phaseshift 6g(E) does 
not change appreciably in the neighbourhood of B = mj^ within 
a span of a few the expression (7) can be approximated by 


2i6^(B) 


2i6 (E) 2i6g(mj^) 2i6j^(B) 

=^6 +e [g ~1] 


( 8 ) 
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Tlie use of the approximation (8) requires care, 
because of the unitarity of the analysis. Therefore, in 
any calculation the approximation (8) is substituted as the 
last step (before actually carrying out the integrations). 
The expression (6) will -then, lead to, 


/dE sin^ 6^(B) = /dE e"^®^ sin^ 6g(E) 


2i 6q (ffij ) -517-1- 

-F e ® ® /dE sin^ 


+ transient term 


which clearly reveals two life-times. 

The parameter r), (i.e. the ratio of the amplitudes for 
decays Ttc to Kg^ 2-11:) is 

2i6„(m-p ) 

„ = (r^/Fg) e S 1 


which agrees with the data in magnitude but the phase is much 
larger than the experimental value. 

2.4 BSAECH POINTS IN S-MATRIX; 

The failure of the simple overlapping-resonance model 
su^ests that the rate of increase of the phaseshift should 
be arrested by some appropriate mechanism. A simple way to 
achieve it is introduction of branchpoints in the vicinity 
of the pole in the S-matrix ’ . These branchpoints do not 

violate causality or unitarily (which demands these branch 
points occur on conjugate positions in complex E-plane). 
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The occurrence of these branch points at complex 

energies is a rather unusual phenomena. The conventional 

12 

analyticity postulate of the S-matrix theory does not 

permit such branch points. However 5 the analyticity 

13 

postulate as such is not well-established and thes-e 
does exist at least one class of represonts-tions of the 
S-matrix^^, which violate the analyticity postiilate. 

Therefore, such occurrences of branch points in the S-matrix 
can not be lightly disregarded unless experiments clearly 
disprove their existence. These branch points are part of 
dynamics and their position should be determined by the 
specific interaction, 

A simple description incorporating these branch 
points in the S-matrix can be given in terms of the eigen- 
value functions of the S-matrix.^^ Bach eigenvalue 
function can be considered as a branch of an analytic 
function of E, This analytic function of E is chosen to 
have two Riemann sheets (Figure 1(a)). On any one of 
these Riemann sheets any * physical' point (corresponding 
to real positive energies) can not be connected to any 
* physical* point on the other sheet by any simple transfor- 
mation in the E— plane i.e. the two sheets are unconnected for 
physical energies. This 'physical-unconnectedness' of the 
two sheets is a consequence of the fact that the two eigen- 
value functions correspond to orthogonal channels. 
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A simple pole in one of the sheots will induce a 
resonance -like "beliaviour for tiie eigenvalue function on the 
other sheet corresponding to an orthogoneJ. channel. An 
interesting consequence of this 'leakage' of the pole is 
that the main eigen phase (the one C8.rrying the polo) does 
not increase through n (rapidly) as is expected in the 
usual resonance hehaviour of the phase shifts, hut roaches 
a stagnation value much earlier (around the position of the 
branch point) and then varies slowly characteristic of non- 
resonant behaviour (Figure 1(b)). The two cigenphases 

exhibit a remarkable energy dependence near the position of 

17 18 

the branch point. It is seen ’ that the two eigenphases 

22 

never cross each other but repel such that the total 
increase in the phase (for the eigenphases) is % when one 
crosses the polo. The energy band over which such a repulsion 
(which also causes the stagnation of the main phase) occurs 
is given in terms of the imaginary part of the position of 
the branch point (denoted by ^ ). 

For K ^ e for any e >0 , the two Rieme.nn sheets are 
completely specified in a consistent way. However, for 
C = Q the basic structure changes. Since the pair of 
branch points collide on the real B-axis, the two Riemann 
sheets have a very different structure. On the same sheet, 
the entire regions on the left and on the right side of the 
cut are specified by two completedy different functions. 
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This situation, therefore, represents a * flisc ontinuity' in the 
conceptual sense arising from the ine^dequacy of the complete 
specification of the Riemann sheets by physical descrip- 
tion. However, this difficulty can he avoided by conjectur- 
ing that ? does not take the value 0 for all the processes of 
interest. 

Ror very large on the otherhand, the main eigen- 

phase has s-ufficient room to increase through % and therefore, 
represent an isolated resonance, while the 'leakage' eigen- 
phase will be dormat and inconsequential. The deviations of 
the phase shift from the normal resonance shape will manifest 
themselves in terms of non-exponential behaviour of the 
associated time -dependent decay amplitude. The extent of 
these deviations from the exponential decay law will, of 
course, depend upon the position of the branch points, 
specially on the quantity However, it is obvious that 

for very largo C (grea,ter than T /2) the non-exponential 
terms will not be important at least for the times of the 
order of tens of the life-time, 

2.5 THB CP-PEESIRYIHG MODBI FOR NBUTRil KAON PHEHOMHHAs 

We propose to incorporate the mj^ resonance correspond- 
ing to OP = +1 eigenvalue as a leakage resonance from the 
pole at (mj^ - ) in S_(E) sheet. This will not only 

ensure approximate equality of masses and life-times for 
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the two delayed modes, but also preserve the CP-invariance. 

The structure of the Riemann sheets is given by, 

(a) a pole near ~ S_(E) sheet, 

(b) a branch point very near to this pole such that 
round the branch point lies the S_^(E) sheet, 

(c) a pole near ^13"^ r ■ S_^(E) sheet, and 

(d) a branch point in 3 _^(E) near this pole, which connects 
it to a different sheet. (¥e could, however, consider 
this other sheet to be S_(E), but only for simplicity 
we would not). 


The phaseshift 6_^(B) will show two distinct sharp 
rises, although not quite overlapping. ¥e can again write 

6^(E) = 63(B) + 6j^{E) 

where the phaseshifts 63(E) corresponds to the S-matrix 


- — r 

If 


and the 


eigenvalue function carrying the pole at m3 - 2 ^3> 
phaseshift 6j^(E) corresponds to the leakage of the pole at 
mi - ^ in S_(E). Because of the branch point the eigen- 
phase 63(B) does not rise through % (as is normally the 
case) but stagnates to some value Kg. If 63(B) be the non- 
resonant part of 63(E) for sub-resonant energies i.e. 

[63(B) - 63(B)] is negligible for E-mg^-^Tg, then 

[ 6g(B)-63 (E)-a3] is negligible for E-mg^ Tg. Similarly, let 

i" 

the non-resonant part of 5 i( 3 ) t>e 6£(B) for sub-resonant 
energies, A decomposition of S_j_(E) similar to ( 7 ) may be 
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obtained vis. the trivial idontity; 

2i6c.(B) 2i5T(B) 2i6„(E) 2i6j (E) 2i6^(E) 

S^(E) = G ® e ^ +c ^ [e ^ - e ^ ]. 

The approximation (8) can still bo carried if the phaseshift 

6g(B) stagnates earlier than E = This will put stringent 

conditions on the parameter | , specifying the position of 

the branch point. If such be the casCy then we can write, 

2i6„(E) 2i6j(E) 

S^(E) =. e ^ e ^ 

T* 

2ia„ 2i6^(E)+2i6i(E) 2i[ 6^ (E)-6.^ (E) ] 

+ e ^ e ^ [e ^ ^ _ 1 ] ( 9 ) 

The CP = +1 part of the amplitude will again contribute two 
time dependences. 

The rather large background phaseshifts need to be 
removed carefully in the definition of E^~state vector, 
otherwise it will give rise to a large transient term. Therefore, 
we will replace [S_j_(B)-l] by [S_^(E)-exp 2i[6g(E) + 6^(E)]] and 
hence by [exp -2i[6g(E) + 6^(E) ] . S^(B)-l] and thus remove the 
low energy non-resonant amplitude. The high energy non- 
resonant amplitude is removed by truncating the range of 
B-integration just beyond the two resonances. The restiltant 
transient term is carefully removed. This process corres- 
ponds to considering just the composite part of the amplitudes. . 
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(a) The KQ-State; 

The neutral K-meson state according to the definition (5) 
and the decomposition (9) can be written as, 


I Kq > = b! L-> + ag i S+ > + aj^l L+ > (10) 


where , 


and 


b I 1- > = h ^ 0 ~ /dE 
n ^ 

aglS+ > = N E /dS 


2i[6__-6^] 

(e ~l) ! -d,n,-;out>(lla) 

2i[6g-6|] 

(e ^ ^ -1) I S,m, + ;oui> (11b) 


a]|^ 1 L+ > = e 


2iaQ 2i[6, -6^] 

^ N 2 0-^ /dB (e - 1) 

m ^ 


BjiUj + jout > 


(11c) 


The states |1- > , [ 3+ > and | 1+ > are linearly independent 
states where 3 and L stand for short- and long-life-time and 
+ and - refer to the corresponding CP-oigenvalue. The state 
|L+ > is, by definition, due to the leakage of the pole at 
in the CP = -1 eigenchannol. These states are 
normalized according to the rela-tionss 

< 1— j 1— > = 1 = < 3+ j 3+ > = < L+ j 1+ > 

< 1- IS-t- > = 0 = < L- tL+ > (12) 

< L+ |S+ > 0 



19 


The coefficients and b can be determined by 

the normalization conditions. An order of magnitude calcu- 
lation immediately leads to an estimation; 


b 


im |ag| - l/lf2 I (rj/rg)l/2 





The phase of a.-^ can be obtained by the expression, 

4- O 2i0i(;N 

. * « - O I I T » . ^ - j ^ r n * O' 


ag aj^< 


:S+|1+>=.1T2 Z Pml * J 


m 


siESt-St] 

/ dS (o ^ ^ -1) 


(13) 


The phases of ag and b caji not be determined by these noima- 
lization relations and therefore, these can be chosen real. 

The state . > can be conveniently written in terms 
of the parameter, e^, i.e. 

[ ll- > + i ! S+ > + ^ iL+ >] (14) 

Xi x^ 



^1 


aj^/ag and x^ = 1+ j £^|^+ 2 <S+[L+> Hee^. 


where 
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(b) K^-State; 

The construction of tho phenomenological j > 
requires some care becauso the particle and antiparticle 
relations between and is defined only in the absence 
of the decay interaction. The state | > is constructed 

in the following manners we first construct the j > state 
in the limit of strong interaction as the usual antiparticlo 
state orthogonal to the state jK^ >. The finer structures 
to the state are introduced by switching on the weah inter- 
action (which leads to the leakage phenomena). That is, 
the I Eq > state is constructed by incorporating leaEage 
phenomena to the state [| L- > - | S+ > ], whore each 
component is represented by a corresponding isolated pole. 
Therefore, we will have, 

I Eq > = b 1 L- > + a;^ 1 IH- > - ag I 3+ > (15a) 

The normalization of (15a) will lead to 

|b i = 1/V2 and | s-p 1 ^ + [ a-g j ^ - 2Re(ag a^)<L+[S+> = 

¥e can rewrite (15a) as, 

I > = — [1 !■-> + ^ I L+ > - ^ I S+ > ] {15b) 

10 ^2 ^2 ^2 

I 

^Ti 

= -7“ and = 

ag 


where , 


1 + 


-2Re 


roiH 
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The parameters (occurring in the definition of K^) 
and £2 can be determined by experiments by either studying the 
time-dependent decay intensities for pure ^aid pure 
separately or by a best fit to the intensities for a mixed 
beam of and. The explicit .fiting is ca,rried in 

Chapter V. 

(c) Weak-Interaction Resonance ; 

In the space of three linearly independent state- 
vectors I L- >, I S+ > and [ L+ > , we C8.n construct another 
set of three linearly independent state-vectors, whose 
first two members are identified to be the usual j > and 
I > and the third can be denoted by [ z' v, . The new state 
(z' > can be written as, 

I z' > = C 3 I S+ > + L+ > (16) 


such that 


< Z’ I Z' > = 1 


(17) 


in order of magnitude calculation leads to an estimation, 


I I ^li " 1 

That means, the state |Z*> is largely due to the leakage 
contribution i.e. dominated by | L+ > . Therefore, Z* is 
very distinct from the usual neutral kaon states. 
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If the branch point moves farther off the pole^ there 
is no effective leakage of the pole at and the 

amplitude for the state |K' > becomes indistinguishable from 
the transient terms. { k’ >, therefore, acquires ah increas- 
ingly diffuse energy spread and short life-time. ¥e believe 
that the location of the branch point is very sensitive to the 
weak interaction in absence of which K' would become 
undetectable. In contradistinction, in the- absence of weak 
interaction the states [ > and | become absolutely 

sharp and the states jL- > and | S+ > . are both represented by 
isolated poles. Thus unlike (Eq> and | > the new state 

I E* > is entirely due to the weak interaction. The strong 
interaction produces E^ and E^ and given enough time, the 
weak interaction produces e' in the same beam. When such a 
beam passes through nuclear material, E^ and E^ will interact 
strongly and will, therefore, bo absorbed while e' will 

t 

emerge largely unaffected. The E -particle was first intro- 

p*:? 24 - 

duced by Uretsky ^ and lipkin and Abashian in context of 
'OP-violation' . 



CHAPTER III 


THE S~MATRIX IRD TIME-DSPBNPENCE OE THE AMPLITUDE 

In the previous chapter, the neutral kaon state was 
constructed in a phenomenology where the CP = +1 component 
of resonances is interpreted as a leakage of the pole at 
mp “ I, sheet into S_j_(B) sheet. Because of the 

occurrence of the branch point the eigenphases deviate 
from the normal resonance shape and consequently the 
amplitude, in general, is expected to have a non-exponential 
time-dependence. In this chapter, we will investigate the 
time-dependence of the amplitude by assuming a simple 
E-dependence for the S-matrix eigenvalue functions. It is 
shown, by explicit calculations that the position of the 
branch point can be so adjusted that not only is there a 
significant leakage of the pole, but also the deviations 
from the exponential decay law are exceedingly small. further- 
more, these position of the branch point do lead to values 
of the interference parameter p consistent with the 
experiments . 
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3.2 FORM OF S-MATRIX EIGSFVALUS FUNCTIONS; 

The unitary function whose branches (o, and a ) 
represent the two S-matrix eigenvalue functions is assumed 
to have an E-dependences 


(E) 


(S-m) cos p + r/2 Y sin |3 + i sin p iE-E„ 

^ 


m + 


ix 

2 


( 1 ) 


where the positions of the branch points, E and E* , are given 
in terms of the dimensionless parameters (p, y). 


6 = Re (E - m) = F/2 y cot p 
^ = Im E^ = r /2 yi-y^ cosec p 


( 2 ) 


The phase shifts, 6_^(B), associated with the functions 
c 7 _^(E) have the asymptotic Values, 

P/2 1 6_(E)_< 7t-p/2 


it-P/216_j_(E) <7t+p/2 

and the repulsion band (centered about ■E'* m+6)is given by ^ . 
Since the same interaction determines the states correspond- 
ing to poles at ffig and mj^, we hopefully expect that the 
relative repulsion bands (i.e. values of are same i.e. 

we assume 


Ss/rg = Si/ri, 


(3) 
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The quantity 6 determines the extent of the leakage 
of the pole e.g. 0 ~ 0 will mean the tifo eigenphases are 
approximately given by the tvjo halves (about E = m) of the 
normal resonance shape and therefore, will represent the 
maximum leakage. © >> r(i.e. corresponding to p ~ 0) will 
correspond to the extreme situation when the pole is effec- 
tively in the a_ (E) sheet. The value y= 1 (i.e. ^=0) 
is not permissible because the Riemann sheets a.re not 
properly defined (see section 2.4)- 

The branch a_(E), corresponding to the sign of tE-E^| 
term to be -ve in (l), has non-vanishing residue at the 
pole (for ^ ^ 0) and is identified as the 'main' branch of 
the analytic function a(E). 

Since the delayed component is dominated by CP = -1 
amplitudes the main, branch of ct(B) carrying the pole at mj^ 
will be assigned the quantum number CP = ~1. Similarly 
the main-branch of a(E) with a pole at m^ will be assigned 

= Pg/2 

= n-^j^/2 (4) 

= Pj^/2 


CP = +1. 

Bxplicitcly 

, we can 

write , 



Sg(E) = 

fS){S) 

and 

,ct 

"^S 


S._g(E) = 

4’"' (3) 

and 

-Li 

and 

S_(B) = 

(E) 

and 

o 




The set of additional parameters (pg, Ygj Yj,) determine 

the positions of branch points relative to the respective 
poles for mg and resonances. 

3.3 STAGNiTION OP 'THE PHASESHIPT SgCE); 

The eigenphase repulsion because of the presence of 
the branch point in the vicinity of the pole also leads to a 
stagnation of the main eigenphase. The extent of this 
stagnation depends upon the quantity ^ determining the 
repulsion band. Por a smaller value of we expect the 
main eigenphase to stagnate rather quickly. The explicit 
S-dependence for 6g(B) {which corresponds to main eigenphase 
for pole at mg) is shown in Figure 2. It is seen that for 
Yg 1 and p - n/2 (corresponding to ©g ■■ 0 and ^ g small) 
the phaseshift has nice stagnation. 


The decomposition (II. 9) used to construct the neutral 
kaon state in terms of the basis states | L- > , | S+ >and|L+> 
requires that the phaseshift 6g(E) stagnates well before 
E = mj^. This will mean that the value of ^ g should be much 
smaller than Am = m-j^ - mg. Bxplicitely , if [ ©g |<<rg, then 


d6g(E) ^ sin^ pg [irg/2(E-mg)-rg/2 f(E-mg)^+ y g/43+ g 

[(B-mg)2 + ,g/4][{B_ag)2+ 5| ] 


dE 


i. e. for B - mj^, 6g(E) stagnates satisfactorily if 

(CgZ-g) <1/4 . 


-V cal 
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The stagnation value j a^, is given hy 

oCg = (tc — — 1 . (5) 

where {% - Pg) is the asymptotic value of [6 g(E) - 6 g(E)] 
for E-mg » Fg the correction x is calcxilated using the 

form (1) and tabulated below. 

Table I 


Variation of x = ~ag4 (7i"Pg) for various ve.lues of 

(in degrees) 


C /r 

s 

P3 

(degrees) 

1/20 

1/10 

3/20 

1/5 

1/4 

90 

0.5 

1 

1 

1.5 

1.5 

85 

1 

2 

2 

4 

5 

80 

2 

2 

4 

5 

7 

75 

3 

J 

5 

8 

11 

70 

4 

5 

7 

10 

15 


3,4 TBIB-DBPBhDBNC:S OB THE MPlITUDEs 

The time-dependence of the state amplitude for 


is given by 
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^ sin^ (6_ - 6^) 

+ 4U^ / dE [sin^ (6^ - 6^) 

+ sin^ (6j^ - d|^)j 

+ transient term (6) 

and is characterized by integrals of the t^rpe, 

I (t) = 2 /dE Re a(E) - 1] (7) 


However, the expression (6) does not represent an experimentalT 
measurable qus.ntity because in any experiment with an uns- 
table particle the time-dependent intensities are measured 
only for various partial - decays. The expression (6), 
nevertheless, can be related to these measured intensities 
by using Bell-Steinberger rela.tions (which are trivial 
identities in the present analysis because of in-built 
unitarity). 


The time-dependent description of the decay in any 
analysis shoxfLd follow faithfully the experimental situation. 
This will mean that for the time -local! zed experiments the 
final state should be represented by a wave packet with energy 
width AB »r (the width of the unstable state) about the 
mass of the decaying particle. This energy sprea.d, a®? will 
be determined by the time-localization of the experiment. 
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Then, the observed time-dependent intensity for transition 

to a final state | a, out > for a resonance state, ] lU > 

26 

will be given by 


I^(t) = I /dBc“^^^ b^(3) < Iii,a,out ^>\ ^|b^(Bj^ dS 

where b^(E) has an energy spread '• E >> r a.bout E = m , 
and represents the particular act of measurement. 


Por the decay of neutral kaon [with a definition (II. 5) 
for the resonance state] the intensity for decay into a channel 
with quantum-numbers collectively represented by m and CP- 
eigenvalue + 1, therefore, will be, 


m,+ 


(t) = 


/ dE 0 


— iEt 


[S^(B) 


-2i6 


m 


. o 


The decay intensity is characterized hy integrals of the type 

P i ^t 

J (t) = dE/e"^^'*^ [cT (B) e - l] (9) 


The integrals l(t) and J(t) can be evaluated explicitely 
with the form of the S-matrix eigenvalue functions given by (l). 
The detailed calculation shows that l(t) and J(t) are cru- 
cially dependent upoja the position of the branch point. Since 
the case 5= 0 is excluded, only the following cases are of 


interest. 
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(a) ^>r/2 ; 

When the branch point moves far eMaj from both the 
real E-axis and the pole, the resonance is (almost completely) 
included in the branch cr_(E) and therefore, the correspond- 
ing phaseshift assumes a shape very near to the usual resonance 
shape. Consequently, the time-dependence of I''") and J (t) 
is almost pure exponential while I. (t) and J, (t) are just the 

“1" "T 

transient. If the branch point is near the pole (but 5>r/2) 
then the leakage is very small and I, (t) and J, (t) exhibit 

T* “T 

non- exponential time-dependence of the form e~ ^ /v^t. The 
exponential term in I_(t) and J_(t) dominates over the non- 
exponential teims over a considerable time (t - lO/^). 

(^) 0<^<r/2: 

This is the most interesting case. Though none of the 
phaseshift resemble the usual resonance shape, there is, 
nevertheless, a sharp rise in the phaseshift which causes a 
time-delay in the associated amplitude. Therefore, the 
amplitudes I(t) and J(t) can be written as a stjel of a composite 
part and a transient term (which becomes insignificant for 
t > l/^ , where A»r is the cut-off implied in the integrations) 

The explicit calculation is presented in Appendix A. The main 
results ares 
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(i) The composite parts, denoted by l'^(t) and J°(t), can be 
written as a sum of two terns, 'viz.,(e^ ^ 



I ^ 

(t) 

= E^(t) + 




(t) 

= E^(t) + £j2)(t) 


where, 


(t ) 

= (-iTi:!) (y sin p-i cos p 

-imt-Tt /2 

) e 




+iP 

e 

(10) 


represents the usual exponential tem. It is interesting to 
note that both I_ [or J_(t)] and I_j_(t) [or J_^(t)] contribute 
the exponential term with same width and mass. Therefore, the 
equality of the masses and width of the 'main'- and the 
'leakage'- resonances is assured. 


The non-exponential terms, and are given by. 


(t) 


sin p e 


-i ( ©+m ) t +i p 


[ e ( cif ~ ) e” / dke^"^ K k 


a 

+ 2i sin p { (^) — } 


- 22^ (et) Ro (ei^P 0 ) )] 


(11a) 
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and, 


.(2) 

■^ 4 - 


(t) 


2sin p o' 


.i(©+m)t e±iP[(^2„^2)o-“" j. dk I'^K^rrk) 






(C-b)- ] 

(lib) 


where, 

w = r/2 - i0. 

(ii) For 5- r/4, the ajid term al-so contribute an 

exponential term of the form, 

-imt-f 7 /2 

Z_^(t) = (-i'n:r)(Y sin p-i cot p) e 

[- i In (12) 

Tl CO 

where, 

w' = r /2 - i|©l 

'Therefore, for this range of the pa.rameters, we can write 
I°(t) = [E^(t) ± Z^(t)] + 

Jj(t) = [S_^(t) t Z+(b)] ± h|2^(t) 

where 

h^^^(t) = f^^^(t) - Z^'’J^(t) ; 3 = 1,2 ( 15 ) 
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It is interesting to note that both I(t) and J(t) have 
B€Uiie exponential time-dependence. This, of course, is expected 
because the decay amplitudes for partial decays i.e. J(t) 
and the total amplitude for the remaining undecayed kaons 
i.e. I(t) are related by simple B--S relations . 

The non-exponential terms h(t) are computed numerically. 
A typical non-exponential form, e.g. the functioni h^^^(t)cosec 
is compared with the exponential form, 1 S_(t)| , in Figure 3. 

It is seen that the non-exponential terms are very prominent 
for smaller values of ^ and 0. This is obvious intutivoly 
also because a smaller value of 5 and 0 will mean a larger 
leakage and a larger deficiency in reaching the normal 
resonance structure for the eigen phases. For larger value of 
5 (-r /2), though the non-exponential terms in main amplitude 
are small, the magnitude of leakage is very small and the 
leakage amplitude is non- exponential. In such cases, as 
noticed in the last section, the main eigenphase does not 
sta.gnate well enough so that the approxii'flation (II. 9) could 
be carried. The result of the computa,tion are summarized 
in Table II. 

Thou^ the exponential decay has been experimentally 
varified to quite a degree of accuracy in nuclear reactions, 
the experimental data for particle decays is far from adequate. 
For example, in the measurement of the life-time of the delayed 
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kaon , the exponential decay law is varified with in 5 ^ 
only for a time< 3/rj^. Beyond a few life-tines the errors 
are so large that any satisfactory analysis of the data is 
very difficult. 

Table II 

The Comparison of Non-Exponential Terms with Exponential 

Terms 

r =1 h_^^^(t)/E_(t)| cosec 6 

~ ' in percent 


rt 

© = 

r/25 

Q = 

r /8 

6 

= r/4 

K = r/4 

? = r/8 

C = r/4 

5 = r /8 

e = r/4 

K = r/8 

0 

5 

12 

7 

15 

10 

25 

1 

4 

9 

2 

8 

2 

15 

2 

4 

7 

2 

7 

1 

10 

3 

3 

5 

1 

6 

1 

8 

5 

3 

3 

1 

4 

1 

8 

10 

7 

25 

5 

10 

3 

8 


Nevertheless, at least for the particles with longer 
life-times (e.g. pions, kaons etc.) one assumes that the 
exponential decay law is valid to a fair degree of accuracy 
(for a few life-times at least). That will mean, if we allow 
a considerable leakage of thepole, the position of the branch- 
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point must be such that 


C ** r A and tel > r/25 


If wG combine it with the requirement that the main eigen- 
phases are properly stagnating, we will have to fix ^ A • 
The value of € (thou^ quite small) is left a.s an a.d just able 
quantity. The amplitude will, then, bo given by 
[E^(t) + Z^(t)]. 

3.5 2Tt - IhTEEPSMCE lED POSITION OP BRAITCH-POINT s 


The intensity for 2'n;-decay of [Kq> will be, 
according to the expression (7) and the decomposition (II. 9) 
• .2 


= 


2 %' 


^ I 


(2 2 


— 2jL 

/dE e"^®^ [Sg(E)e ^ -l] 


m 


m 


2iOCq . -rp^ — 2iOj 

+ e ^ fdB e [Sj_^(E) e ^ -l] 


(14) 


The composite part of the decay- amplitudes in (14) are given 
by the exponential terms, and therefore, we can rewrite (14) 

3 .S 5 




-.+ ,2 

"27t I 


^ 0"^ 

m m 


, -r qt / 2-imqt 

Pg I e S 


im-|-t - .rjt/2 p 


+ q e 


(15) 
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where, 


2iag (0) + Zho) 

11 = e ^ i 

(0) + Z^(0) 


( 16 ) 


and refer to the functions defined in expressions 
(10) and (12) with the corresponding parameters for the pole 
at mg and respectively]. 


If ^ ~r/4 and [6j be very small, a first glance at 
(16 ) and the explicit form for S_j_(t) [it can be immediately 
seen that |Z(t)| is much smaller than j E(t)j ] lead to an 
approximate estimation of the phase of p in . terms of the 
parameters Pg and i.e. 


'Pp ~ 

An asjmiptotic value of ag « (lu-Pg) gives, 

‘Pp = • 

Therefore, the parameters can be fixed such that 

- Pg ~ %/ 4 - and ^ =: r/4 . 

The assumption (2) (with 0 <y< l) leads to solutions 

I 9gl As = 


lej 



i.e. if Yg - Y]j then sin Pg = sin This combined 
with above values of the parameters imiaedio.tely lead to 

Pg = ' rt /2 ~ %/8 

h = 

and , . 

Yl = Ys = 0-96 

Then the pa.rameter r] has the va.lue of its phase, 


— 2 ag + pj^ + pg + cp^ + cot [ 


1 ^ cos p 


h 


- COt“^ [ 


cos Pg 


Yq Sin p 


S 


T'l I^L 


] 


and, 


^2 = phase [ 


1 - ^ In 

7C Jj 


1+ ® ^“'-Os 


C = In [ +„!]/ ! j = L or S 


with a value 9 “ 50 *^ which is consistent with the experimental 

value^'^ (46.6 + 2,5)°j 9 ^^ = (49 i 13)° and the magnitude 

is given by, 

ri , 1.2 

10 


which also consistent with the experimental value' 

-3 
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A Goraparison of expression (15 ) vlth the conventional 

25 . 

xpressxon in terms of transition amplitudes i;e. 


hr^'^'> =|< 2 ’‘|T|Ks>f( ® 

-im^^t- t/2 [ 2 


“imgt -rgt/2 


and the definition. 


p = 


<27i:jf|Kj^> 
<27r |Tl 2 g> 


loads to identifications 


< 2% |!r|S+ > = 


[e!c+!2]1/2 
‘■m m 


(18) 


and < 27t III L+ > = ri<2'!T |T| Sh- > . 

These relations can be generalized to any final state j f 


<f|T|s+>= o+ifrg/Cj io;|2]^- 


e2_<f |T|L+> = p <f|T|S+ > 


( 19 ) 

( 19 ) 


ind similarly j 


<f|TjL->= ic;rj^ 


(20) 



CHAPTEE IV 


EEGENERATION 

The regeneration of K in a heam of K-. when it passes 
through a nuclear material is an important process enabling us 
to study interference between and Ivj^. This phenomena is 
quite incisive in selecting the valid theory. The analysis 
presented in this chapter differs from the conventional 
CP-violating analysis, because the leakage state, 1 L + > , 
does not possess the strong-interaction . This will mean that 
any component of | L+ > present in the initial beam of will 
be transmitted largely unaffected. 

The regeneration processes considered are (i) coherent 
transmission through the regenerator and (ii) the incoherent 
scatterings from individual nuclei. The inelastic effects 
have been shown to be negligible and therefore, we will not 

po 

consider them. 

4.2 COHESEUT-TRANSMISSIOE REGENEEATIOEs 

The coherently scattered amplitude is sharply peaked 

OQ 

in forward direction. The total change in the beam ajmplitude 

^ (where f denotes amplitude for the set of states | K^> , 

! K > and 1 k’ > ) when it traverses a distance dx in regenerator 
' o 

is the sum of the changes - (i) by the time-evolution of the 
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amplitude in a corresponding proper-times 


■ dT = dx iiizlii 

V 

where v is velocity of the kaon in the material; and 
(ii) the effect of coherent nuclear scattering. The 
nuclear contribution for a mono-energetic kaon beam with 
momentum, k, is given by, 




(d'i') 


nucl 


dx 


2%1E 


f (0) 0 

0 f (0) 
0 0 




0 

0 

Oj 


( 1 ) 


where N is the nuclear density and f(0) and f(0) are 
forward nuclear scattering amplitudes for and res- 


pectively, 


The total change in the beam amplitude can be expressed 
by the set of coupled equations? 


( ^ ) 

^ dT med 


[m] 


( 2 ) 


where the 3x3 matrix, [ m] , determines the time-evolution 
of the states in the regenerator. Explicitly [m] is given 
ass 
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[m] 


where . 


£ = 


Mj = 


c Zf iM +c jf c Af . £ 
cjf.e' 


+ £oAo) 


( 3 ) 


mr f r. 


2/-2- 


= T. 


or S 


Zf = f(0) + f(0) 
Af = f(0) - f(0) 


c = 


•iTtvN 


(1-v^)^ k 


and Ej^s, £2 and £* are defined as the superposition coeffi- 
cients for jL + > and j S + > in the expressions for 
(or Kq) and k' respectively viz., 


|Ko > = p+> ] 


1^0 > 


|K’ 


][2 


-1 

f if 1 ^ ^ 


( 4 ) 


1+ ^— £ I S+ > 


and 


h p2 } ~ ^ • 
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The matrix [m ] has the eigenvalues 
h ^ - rAfc+ 0( [£ [2) 

X2 = iMg + cjf + rAfc+ 0( [e p) (5) 

^3 ~ 

where the regeneration parameter, r, is given by 

r = (cAf/ihM) (6) 

and for most of the regenerators in use, | r j < l/lO. 

Let the beam of (arising from either or K^) 
incident on the regenerator be denoted by 

\Kj> =t I-> + £ I L+ > (7) 

Then, since the amplitude for the state |L+ > is transmitted 
largely unaffected, the regeneration takes place mainly due 
to |L- >. The solution of equation (2) for the incident 
component |L- >, in terms of the basis states |L- > , | S+ > 
and [L+ >, is given by, 

1 9Ij_ > “ I L- > + p g ( S+ > + e I L+ > ( 8 ) 



and 



where D is thickness of regenerator. 
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Dlie emergent beam will, therefore, be described 
by a state 

I IT > _ I -iM„t -iM-^t 

L ® I ® I S+ >+ e ^ 

( 10 ) 

where, 

!l 3 = ®^P (Xi - ^ 5 ) d 

determines the relative amplitude of transmitted j 1+ > 

component with respect to the transmitted | L- > component of 
the incident beam. The expression (lO) may be contrasted 
with the conventional expression^^’^^ where the [ 1+ > term 
does not possess a thickness dependence. 

The quantity (X^ - X^) d can be calculated by using 

30 

optical-model description of interaction , which gives, 

|Af/2fl ;Sl/5 for k - 3 GeV 

and s:f is almost pure imaginary. Let be the total 
elastic cross-section for scattering, given by, 

^T ^ Im Sf 
then we can write, 

NCTmL 

-X d = — [1 + i tan 9’] ( 11 ) 

where, 9’ = phase (Sf/i), 

It is clear that the magnitude of the amplitude, s is 
always greater than 1. 



4.3 IFCOHEEaiT SCATTERIHGr AID MULTIPLE EFFECTS i 


The kaon may also get diffracted "by the individual 
nuclei in the regenerator. Such a scattering is coherent 
for the constituent nucleons because the target nucleus 
remains in the same internal state. The scattering from 
different nuclei are, of course, incoherent. The average 
angle of scattering by arguments of optics will be, 

sin < ©> -1.22 

where X = 2ith/k is de Broglie wave-length of kaon and 

1/3 

R~ 2.4 A fm. the radius of nuclear mass number A i.e. 

sin < 0> ~ *- 0.04 for k - 2 GeV/c and A- 60 

kA-^^^ 

This means, that the angular-distribution for the 
scattering in such a case can be approximated by Ganssian 
distribution. 

For heavy regenerators e.g, copper, the incoherently 
scattered kaon can not be distinguished from the coherently 
scattered kaon (emerging at 6 = 0) even for k<- 1 GeV/C. 
Therefore, the contribution of such incoherent scattering 
should be considered in any calculation because it may not 
be insignificant. On the otherhand, for lighter regene- 
rators e.g. deuteron, the incoherent scattering (even for 
momenta as large as 10 GeY/c)can be distinguished from the 
usual coherent transmission and therefore, will not affect 
the calculations seriously. 
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: T-.'' -a; 

A single incoherent scattering at a point z, and 
a corresponding proper time t, hy a thin slab of thickness 

dx> will give an intensity for decay into a final state 
|f> 


dl „(6, x) 


f(6) + f(©)j ^ I -iMj^t 


<f!T iL- > 


—M i- 

+ ® ^ Cqg + QlAM(d-T)j | | g. 


-iM„t (X X„)(d-T) „ 12 

+ pe ® [2e ^ 5 -l]||<f|TlS+> 

( 12 ) 


where we have used the definition (III. 19) 


<f 1 t1i+ > = TT<f !!]j S+ > . 

The second term in (12) represents the regenerated | S+ > by 
coherent transmission along the broken path (i.e, the path 
from Xq = 0 to point x and from x to D) and the third term 
represents regeneration of > by incoherent scattering 
at the point x. The fourth term represents the combined 
regeneration of |:L+ >. The unusual structure of the last 

■XT 

term (compare with the similar results of R.H. Good et al"^ ) 
is solely due to the fact that the state |L+ > does not 
possess nuclear interaction. 
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^or very thick regenerators, the kaon may get multiply 
scattered. These multiple scatterings are some times very 
important and can contribute as large as 25% of the total 

pQ 

regeneration effect. The single incoherent scattering 
expression (12) con be generalized to the case of n-successive 
scatterings (see Appendix B) at points { x^, "^i J such that 



The occurrence of only in the last term is the conse- 
quence of the unusual characteristic of j L+ > (the contribu- 
tion to the intensity coming only from the transmission from 
the last scattering point to the exit). The diffraction 
cross-section, cfp can be calculated in the optical-model 
approximation.^^ 
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Tlie total intensity for the decay into the final state 
obtained by simiiiiing over all scattering orderSy 
taking into account the detection efficiency y '^^n) 
experiment for each scattering order. The tota.1 intensity, 
then, is given by, 


I^(t) = 


E 

n=0 


In(^) <^(n) 


(14) 


where ^^(t) is the intensity for coherent transmission 


regeneration and e 


(o) 


= 1 . 


By an inspection of expression (I3b) and (14), it is 
immediately obvious that the total contribution of | 1+ > in 
the emerging beam following regeneration, relative to the 
unscattered | I- > is reduced by a factor, 


= E 


n=0 


(NOp D) 


n 


Inl 

ni 


(15) 


where we have used the integration, 


D 


dx^ 


D 

/ 


D 


X 


/ 

h-l 



if 

= sr 

"(n) = 

(e)^ 


exp ( ' 


where 


and is as large as 2.2 for copper regenerator of thickness 
40 cms. This will mean that the rather strong thickness 
dependence occurring for thin regenerators [only coherent 
transmission, expression (10)] in the interference term 
involving |L+> is (after all) not so strong for thick 
regenerators with multiple scatterings. 



CHAPTER Y 


2-n;-IMTERPERBNCS AND LEPTOIIC CHARCB ASYMMETRY 

In the last chapter, we considered a CP-preserving 
phenomenology for neutral kaon decay. In this chapter we will 
investigate the two important decay phenomena namely the Etc — 
interference and the leptonic charge-asymmetry, in the proposed 
analysis. The relevant quantities are calculated and compared 
with experiments. It is found that the existing experimental 
data is consistent with the proposed CPP-analysis. The calcu- 
lations are also compared with those of the conventional CPV- 
analysis and certain distinctive features brought about 
clearly. Some possible tests to ascertain the fate of the 
present analysis are also suggested, 

5.2 27T-IHTEEEERENGE. 

The deviations from the Gellmann-Pais^ scheme (which 
will mean an existence of CP = +1 delayed mode) are best 
observed in the decays of neutral kaon into 2%. Any component 
of CP = +1 delayed mode will lead to an interference pheno- 
mena in the decay of or The phenomenon is parame- 
terized in terms of the amplitude ratio, 

^27t = 


amp 2-n;)/amp (Kg-»- 2 tt:) 


( 1 ) 
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■^y ©xperimental observation of the interference will 
involve an investigation of the tinie-dopendent decay inten- 
sities. These decay intensities, in ejny phenomenological 
analysis, will be defined in Eerier 's sense^^ [as discussed 
in 3ic;ction (3,5)]. For example, the time-dependent T-ni-decay 
intensity for decay of in vacu\im is given by, 

— r "b -“T b 

I (KQ-^2it) =|<2x|T|S+ >p [e ^ 2 ^ I 

“ I, ^ 

+ 2j ill e ' cos ( Mt-9^) ] 

( 2 ) 

where the complex quantity T) is defined by the expression 
(11.16) in terms of the pai^-meters (0,^ ) fixing the position 
of the branchpoint! and the transition amplitude < 27c |Tj S+ > 
is given as, 

<27i;|t!s+>= Elc+I 2]^ 

m 

Similarly, the decay intensity for will be given by, 

-ft -T t 

l(Sj>27t) = |<2ix |Tls+!f^ [e ^ +ibl ^ ie 2 Ail " e ^ 

_(r +r )t /2 

- 2 |iij|e 2/s^ je ^ cos (bmt-(p^-9' )] 

(5) 

where, 9^ ~ (£2^^!^ * 

and So and Sn are the parameters introduced in Section (2.6) 

2 1 1. L T. . ruR 

4 ts 


Acc, No. 
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The magnitude of the quantities and £2 are of tho same 
order i.e. jsj., ~ 

¥e notice that the decay- intensities for and 
are different. This difference arises from the phenomenological 
definition of j > [see Section 2 . 6 (h)] and reflects the 
observation that the usual particle-antiparticle relations 
may not be valid for and The quan.tit3!'j 

(r „+r-- )t/2 

D(t) = 21) - I(K^^ 2 l)] e ^ ^ /4 H ( 4 ) 

will be a measure of these deviations. In the present 
phenomenology, we expect, 


T (ro-r-r)t/2 , 

-D(t) = |Ti I [l-|e2/e3_! Je ^ + ^[cos (Amt-<p^) 

+ ^ 2 /^ 1 !°°® (Amt-(pT^-9' ) ] (5) 

On the other hand, for the conventional CPV-phenomonology, 

25 

where the 2 Tt- dec ay-intensity is given by 


I^(t) =|< 2 u|I|S+>|%-^sh|^|./h ^ 2 (^1 


cos (ADit - 9^)J ( 6 ) 


for the decay of or respectively, the difference, 

D(t) is -cos (Amt - 9^)[assuming preservation of GPT-symmetry] . 
Therefore, a comparison with Sq. ( 5 ) suggests that the two 
phenomenologicei results are identical if 


£2 = 
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latent ssperimenta.! da.i;a(BaiirLGr et aJ.^^)orL 
y f pure and pure lead to a determination of 
( ). The best fit (Figure 4) is consistent with. 


D(t) = ~ cos (Amt - (p^) 

which implit^s e^ = That is, the [ > state is not the 

simple charge conjugation state (as usually is understood) 
of [Ilq > . The deviations are of the order p. 

^ Granc e Following Regeneration ; 

The intensity of 2'n:-decays following coherent— trans- 
mission regeneration in a nuclear material, has a time- 


dependences 
Io_(t) = 




-V 


2 %''"'^ ~ \<^'^ Fl f-l °s r ® ^ "^1 ^13 ® 

-( rq+r_)t/2 iAmt+im -i9„ 

+ 2|pgj|p j e ^ Re{e ^ ^ 


( 013 +^*)}] ( 7 ) 

where, 0^^ ~ oxp (ho^D/2) 

D is thickness of nuclear material, and P (0^^-l)Af/ . 

Since |Af/5f | <l/5, the regenerated amplitude for 
1 L+> is much smaller than the transmitted amplitude, 013- 
Therefore exhibits a stronger dependence on the 

thickness of the regenerator compared to the CPV-analysis 
where the interference term has the thickness dependence 
arising from the p g term only , Such a difference in the 
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interference pattern is associated with the unusual behaviour 
of the state j I+> . the conventional CPV-analysis the 
state j L+ > (which is notliing but] L- > itself) has the 
strong-interaction and therefore, is attenuated when sub- 
joctecl to nuclear interactions. On the otherhand, the j 1+ > 
state in the CPP-phenomenology does not possess any strong 
interaction and is therefore, transiaitted largely unaffected. 
This will mean an enhancement of the amplitude for j L+ > 
relative to the attenuated | l-> in the emerging beam of 
This enhancement, given by an amplitude 0^^? leads to the 
unusually strong interference. 


For very thick regenerators, the multiple scattering 
in the regenerator become important. These multiple effects 
not only lead to a significant regeneration of } l+> but also 
an effective attenuation of the transimLtted amplitude, 0 ]_ 5 » 
by the factor G- which may be as large as 2. The corrected 
exp]t?cssion is, 






—Ft 
Jj 


+ 2| T] 1 |/Cr.e 


^ e ^ +|p|^10^^| e 

-(rg+r^)t/2 _ J. iAmt+i(p^-icp.^ 


.ReCe 


[01 


13 ^ ^ 


.{ l+(G-l)4crjj/acr.j“F2_^4c3'jj/o’^} jl 


( 8 ) 



where , 


^(n+r) „ = HOjj B 




CALCUIATED 


£. ^^'Eifperirnent 

‘-‘•^ V ■■ rf'-yi '-'4 ,% -“-■ . 

;; ,' ”• •*';''' ^.} : 

--r No . Interference 

/, J;.v V’-' . . 


REGENERATOR 5 . i 

relative density O.OSS: 


Proper t?m« (10 secj 


V^ijREGENERAlOR 1 ■'1. 
relative density I ;} 

1' REGENERATOR 2 T 
. relative density 0.521 1 

3 I 

.. relative density 0.25i 


, , •, regenerator , 4 

density 0.103 

!i^' ■ 



{p, P = logi ^ [l+I' (a,B)+EF.1 

ci" 


whore , 


E 

A 


"crj/a| ; B =: 4cTjj/a^ 

f |(l-e^^^'^-)/AMcir2 [(l.e" 


r.cl 

)AgCl]; AM = M- 



Ihough the thickness dependence is much more complicated, than 
{!) , a cursory glance at (8) suggests a less prominent thick- 
ness depondonce for thick and hea-wy regenerators. 


The experimental data with regenerate is of different 

thicknesses by Paissner et al^^ (Pigure 5) is consistent with 

the above results. However, in an attempt to seek for such 

onhancoment of the interference, Darriulate et al^"^ analysed 

the data of ref. 33 and concluded some what erronously an 

absence of such eiihancements. The error in the analysis of 

Darriulate lies in ignoring the multiple effects. For the 

regenerator with a, thickness D =; 25 ems of copper (as employed 

in the experimont of ref. 33), the multiple effects are q-oite 

28 

important and contribute upto 25% (see Bannott ). Therefore, 
the thickness dependence as obtained by Darriulate should be 
compared with the corrected express ion (taking into account 
the multiple effects) for decay-intensity following regeneration. 

no rigorous comparison can be made because of unavaila- 
bility of raw data, the qualitative agreement is obvious. 
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5.3 liEPTONIC CHARGE ASYMMETRY; 

The semi-leptonic decays of neutral K-iuGSon is the 
only other phenomena besides the RTE-decaySj where one can 
observe any interference effects. In docajrs, the inter 
ference in the decay amplitudes for |L~> raid | L+> lead to 
a charge-asymmetry, defined by, 


I(K:t -^- rt’l'^v) - tx^1~v) 

6 = — . - — - — 

I -»• tc 1 v) 4-1 (Kj^^ TC 1 V ) 


(9) 


In general, 6 is a function of the proper time because 
near the production point, there is always a small amount of 
Kg present which also contribute to the charge-asymmetry. The 
asymptotic value of the charge asymmetry is defined as the 
charge-asymmetry only in K^^ (i.e. the Kg has decayed to 
insignificance). The charge-asymmetry following regeneration 
is an useful quantity because it determines the phase of the 
regeneration amplitude c jrg for Kg. 


The phenomena of semi-lept ionic decay of neutral kaon 
can bo described in terms of the CP-invariajnt amplitudes; 

f = <l'^7i“v|oj K^> = <1 ‘tc'^v[t| K^> 

g = <l“'rt'*'vlTjK^> = <l'^m”vl T|K^> (10) 

and h = <n:“l‘^ v |T jK' > = <7c‘^l”v! 

These amplitudes are real (by CPT-invariance) , -^'urther, the 
amplitude h can be expressed (approximately) in terms of 
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f end g, because the state I k’ > is mainly the leakage state 
ii+ >ancl by definition (III. 17) we have, 

e< f|T| L+ >= i^<f |'j?[S+ > 

where, s = = 82 * 

This means, 

eh^r)(f-g) ( 11 ) 

Then, the charge-asymmetry arising from a state 

-iM-.t -iM^t -iM^t 

(E,t>=|l->e +Pg(S+>o +epj^|L+>e 

is 

6(t) = [2Ee (no.) + 2io~|e ^ ® 

(l+x)» ^ ®' 

COS (Amt + 9 )] ( 15 ) 

P 

where x = g/f determines the violation of AS = aQ rule. 

35 

The experiments are consistent with x - 0. The expression 
( 13 ) can be studied in the following two cases 

(a) Doca.v in Vacuums 

If the charge-asymmetry be measured without regenera- 
tion near the production point of or then, the charge 
asymmetry is (for sufficiently large t > l/lg) 

ri~Tr2'i -(rc,“^T)t/2 

6(t) ~ ^ [2EeT) + 2e cos Amt] (14) 

(l+x)2 

The asymptotic vadLue of charge-asymmetry (i.e. for pure 
beam) is 


(12 
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= 2 Re 11 (15) 

The time-dependence (14) is useful in the determination of 

Am.5® 


(h) Decay following Regeneration ; 


Dor thick regenerators such that I 

the charge-asymmetry has the time-dependence 

n -2\ -D „t/2 

6(t)=^ [6, + 2 jP „ I e cos (Amt + o )] 

(l+x)^ 1 ' s I ’-p 

where, = 2 Re (p ^2.3^' 


The time-dependence of the charge-as3nnmetry following regene- 
ration is identical to the CPY-results and determines the 
phase 9 . However, the asymptotic value (1-x^ )6^/(l+x)^ 

is different from the asymptotic value 6^ (for decays in 
vacuum)* This difference again, is associated with the 
unusual "behaviour of | L+ > and therefore, will serve as a 


test for the existence of the state j L+ > . For thick regene- 
rators, the multiple scattering effects are also important 
and therefore, the corrected expression is. 


/ -j 2 1 fjl / ^ 

6 (t ) = - - - 1 [ 6 * + 2j D cil e ' { cos ( tp-t + 9 ) 

(1+x)^ >- 1 1 SI P 


20 , 


F-, cos ^ mt + 9. - 9*)}] ( 16 ) 


Oip 1 p 


9 


where, 


arg ( E f/i) 



Asymmetry 
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and , . 

6^ = 2Re (r)0^^/G) + .2Re [T]p^(l+4ajj/aa^) (G-l) /G] (17) 

TiiG time-dependence is again identicaJ. to the conventional 

. 28 PA A7 

expression a,nd a^gree with the experiments (Figure 5)* 

However, the determination of 6^ by experiments is not at all 
simple. It can he seen from the expression (16) that oven 
for moderately thick regonera.tors , the time- dependent term 
dominates the 6^ (*« 1.5 6^) even for time as large as 
t-lO/pg,' and as shown in Figure 5, the experimental errors 
are so large that no meaningful informa.tion about can be 
extra^cted. ^or very thick regenerators, 6^ could become 
larger or at least of the order of the tine-dependent term 
so that it can be observed for small times. In such a 
situation, however, the overall beam intensity will be reduced 
so drastically that any experimental measurement will not be 
much reliable, 

5.4 COHGLUDIHG EBMAEKS; 

In the preceeding pages, a CF-preserviig analysis 
of the neutral K— meson decay phenomena was presented. It 
was found that the phenomenological GP-preserving description 
of the kaon system necessita;.tes inclusion of . a pair of 
branch points at complex energies besides the usual pole to 
describe the decaying state in the S-matrix formalism. The 
occurrence of these branch points lea,d to a, leakage 
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resonance -like behaviour in an orthogonal channel and conse- 
quently , the CP = +1 delayed component of is interpreted 
as the leakage of the pole at mj^ in CP = —1 channel. 

Since the position of the branch point is determined 
completely by the weak-interaction responsible for the decay,, 
the leakage state, | L+ > , does not possess any strong- 
interaction. Therefore, the relative amplitude of j 1+ >to 
that of |L~> is larger in a bea.m following regeneration 
than without regeneration. Consequently, the decay-intensities 
following regeneration exhibit unusual dependence on thickness 
of the regenerator. The results can be contrasted with the 
results of CPY-phenomenology, where the same component 
(which possesses strong interaction) leads to both the CP = +1 
and CP = -1 decays. 

All the experimental data to date^^"^’^^’^^’^^ are 
seen to be consistent with the proposed CPP-aualysis. The 
conclusive evidence against or in favour of the proposed 
analysis, however, can bo obtained by performing certain 
experiments which distinguish the resilLts of CPP-analysis 
from those of the usual CPV-analysis, Since the chief dis- 
tinction between the two phenomenological approaches lies 
in the unusual behaviour of the leakage state | l+> , any 
experimental verification of the proposed analysis will 
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involve a direct or indirect detection of the state] l+> . 

The effects of the presence of j 1+ ^ are seen as 2 

(i) an enhancement of the two pion interference pattern 
for moderately thick regenerators over the pattern for 
very thin regenera, tors; and 

(ii) the different time-independent (a.symptotic) leptonic 
charge-asymmetry before and following the regenera- 
tion. 

The study of first effect requires a detailed investi- 
gation of the decay intensities for various regenerator 
thicknesses, while the detection of the differences in asympto 
tic leptonic charge asymmetry will require a more accurate 
investigation of the 6(t) for modera,toly thick regenerators. 



appendix a 


E7AIUATI0N OP TIBIE-DBPBIDBNCB OP DECAY AMPLITUDE 


The integrals characterizing the time-dependence of 
the state amplitude are, 


m+A -2i6^ 

I(t) = 2 / dE Re [e . c(E)-l] (A.la) 

m-A 


and 

m+A .-p^. ~2i6^ 

J(t) = / dE e"^^^ [e cr(B)-l] (A. lb) 

m-^ 


where the cut-off A»r (the width of pole), and the back- 

"t? 4- 

ground phases o is such that [6(E) - 6 ] is negligible for 
(E-M) < **' r. Til® S-matrix function is the multiple valued 


function, 


(E-m) cos p + r /2Tsin P + i sin p lB-B_ 

o (B)= ^ ^ ^ 

i Erm + i V2 

where (P,y) additional parameters, characterizing the 

position of branch points and E^, such that 

B=m+G + ir 

r 

^ Y co'fc P an<^ ^ ~ 2 ^^-Y^ cosec p 

The background phases, corresponding to cr_^, denoted by 6^, 
are given by 7i-p/2 and p/2 respectively. 
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Tile 'branch cuts extend from h to -i oa and to + , 

c c 

The 'branch a_(E) has a non-vanishing residue at the pole 

(for ^ ^ 0) given by T [y sin B - i cos p] . This branch is 

designated as the main branch. The integrals (A. la) and 

(A. lb) can be evaluated by contour integration over a 

contour C [Figure 1(a)] closed in the lower half of complex 

E-plane. Then, for t ^ 0 and C >0, wo can write, 

-2i6^ • +■ 

T^(‘b) = e — E(t) [1 + l] + i sin j3 

-2i6j 2i6;^ 

[e ” F(t, -j.) -e - F(t, + r )] 

+ (t) e“^“^ (A. 3a) 

-2i6^ _ ^1^,+ 

J_i_ (t) = e — •[B(t) (l + l) + 2i s in B e 

P(t, -p)]+ (A.3b) 

where, 

E(t) = (-iitr) e"i^'*^~rt/2 j-^ |3 - i cos B ] (A. 4) 

is the usual exponential term characteristic of a resonance, 
and 

j(t, i r) = i / ay ^'5^ [ - i] (a.5) 

^ jr+ie+r/^ 

determines the discontinuity contribution across the branch 
cut. The transient terms are explicitely given by (for 
(for t > 0) , 
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A I (t) . - 2sin2 p sj^nA, t/2 

*“ "u 

+ -yr sin p C^(fit) (A. 6a) 

A ("t) - + i sin p 0 "" ?.r^,-4.1^.iZ.^. 

+ (“ ^)(1 + Y t) (A. 6b) 

where , 

Ci (At) = 7 dy 

At y 

The discontinuity term (A. 5) can be written as, 


where. 


JCt.a.) = lo-l®'‘[(-^ - /) g(t,o.) - ^ ] 

at^ t t 


j-|;j cosh X 


(A. 7) 


g(t, aO = / dx 

0 Ccosh X + u 

and , 0 ) = + r /2 + i© . 

Por Re aj>0, and /2, g(t, oj) is given by, 

g(t,w) = ,“dy e"^ K (Ct + ^y) 

•c 


(A.8) 


(A. 9a) 


For ^<r/2 and Re w< 0, the integral (A.8) will contribute 
an exponential term, which can be separated out using the 
identity, 


-xt uot ^ t 

a® »< 0 = lrv= Itv - i 


dk e-“>^ e-^ 


(A. 10) 
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Then, (A. 8) for Rew< 0 and C<r/2 is given hy, 

g(t,w) = g(0,w) - / dk ^ k) (A.9h) 

o 

where , 

g(0,a)) = if 0 < 

Therefore, the 'leakage* amplitude I_|_(t) [and J_^(t)j has 

has the usual exponential term representing a resonance 

cuv( 

only if “<5<r /24 The composite parts of I(t) and J(t) 
(denoted hy I°(t) and J°(t) respectively), defined as, 

I(t) = I°(t) + A^(t) 

(A.ll) 

J(t) = J°(t) + A.^Ct) 
can be written as; 

^ g+iP j;{t) ± Sin p [e±iP f3_(t) 

- e+iP fjCt)] 

and , 

j°(t) = ei^^ [B(t) + 2 sin p f^Ct)] 

where f^(t) and f 2 (t) include the non- exponential time- 
dependence. Explicitely, 

f.Ct) = e-^ %ik e*"^ K^(^k) - a3K^(^t) 

X Q 

- t) + e"^/t 


(A. 12a) 
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f2(t) = ( 0)*^- f) f dk 

CO 

+ a)*KQ(5t) - (A.12b) 

where w = ^/2-lQ . 

The functions f^Ct) and f 2 (t) can be computed numerically. 
However, for small %«t/2, the rather prominent non-oxponential 
time-dependence of (A. 12a) and (A. 12b) is obvious, Bven for 
small time ( - 1/ p) the non-exponential terms over take the 
exponential terms in the amplitudes I°(t) and J°(t). On the 
otherhand, for ^ ~ r/2, since the functions ^^(^t) and K^(;^t) 
can be approximated by their asymptotic expansions, even for 
t « 1/ p , the non-exponential term which decreases faster than 
@“C is small compared to the exponential term, 

For intermediate values of ^ (~r/4), however, the 
time dependence requires a careful investigation, because 
in this region f-^C^t) i3-ay contribute a term with the time 
dependence of exponential type. f 2 (t), on the other hand, 
representing a discontinuity arising from S*(3) will not 
(it is expected) contribute any such exponential t~dependence. 

The first term in (1.12) looks quite similar to the laplace 
transpormation of the function EQ(ft) (at least for larger t). 
f^(t) gives an exponential terms of the form, 

z(t) = (-in) (- I m a) 
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whorOj, 

ft - [/{r/2 - e |)2 -^2 + (r/2 - i|9[ )]/(r/2-i| 0j ). 

The function h(t)' = - z(t) is computed numerically 

and compared to E(t) in Eigure 3 (Page 34). It is seen that 
the function h(t) does not give a contribution more than 
~10 % for t ~ 5/p . 
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Figure. 7 



APPENDIX B 


MULTIPLE DIEERACTION SCATTERING IN THEIR REGEITSRATOR 

When a kaon passes through a thick regenerator, it may 

have n-successive scatterings at points corresponding to 

different depths and scattering angles. The scatterings 

from different depths and for different angles of scattering 

(even though they lead to sane resultant angle 9) are 

incoherent. The presentation of this Appendix follows an 
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earlier work of R.H. Good et al except the corrections 
needed for the rather unusual state! L+ > . 

Let the n-successive scattering take place at depths 
(Xj^, X2> ...5 and with scattering angles G2,...,G^) 

to give a resultant scattering angle G (Figure 7). The total 
intensity will he obtained by integrating over all scattering 
angles and over all the depths such that 

x^_^ £ £ D j . x^ = 0 (B-1) 

where D is the thickness of regenerator. Furthermore, the 
intensities for all scatter orders are added with the due 
weightage arising from various detection effeciencies of the 
apparatus. For n = 0, the process will correspond to the 
coherent-transmission regeneration. 



Lot f(0) 3 _jici f(©) scattGring amplitudes for 

arxd rospcctively . Then, a single scattering v^ill 
correspond to on ordinary scattering of |S+> ancl|L- > with 
an amplitude, 

+ f(©)jV2, 

and a regeneration of j S+ > and sj 1+ > by | I-> with an ampli- 
tudo , 

f2p(©) = [f(e) - f(e)]/2. 

The contribution at any point, (s^, 9^) can bo calcu- 
lated as follows; 

(a) Ordinary Scattering ; 

The coherent-transmission of the state jl- > along the 
broken path (i.e. from the point "to and from the 

point to x^_|_^) regenerates | S+ > andl |L+ > . The regenerated 

wave at point x^ is scattered. In this process, the state 
|l+> has a contribution only by transmission from x^ to 
x^_^^ (in fa-ct, to the exit surface of regenerator). The 
ea,rlier (prior to point x^^) regenera,tion of} l+> corresponds 
to a lower-order scattering. That is, the single sca.ttering 
contribution (relative to unscattered | L- > ) is, 

^22^®1^ [1L-> + I S+ > + p(x3_) |L+ >1 (B' 

where L® regeneration amplitude from x^ to D. 
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The gGneralization to the case of n— successive scattering 
is straight forward | L+> contributing only at the last 
scattering point), and we write this contribution as. 


F. 


J = f22(ep ... fj, (9„) [lI-> + .g|S+> 


■22 ' n 


+ £ -- (x ) [1+ > 


(B-5) 


(b) Regenerative Scattering ; 

At the point because f(©) 4 f(6) there will be 

an accumulation of the component of | S+ > and | L+ > preceded 

and followed by ordinary scattering. A single scattering 

will give a contributions 

l.M(d-n) 

*21 e ■ S+ . 

+ f^i (e^) e ^ ^ -1 £ !L+ >(B-4) 


The generalization to n-succossive scattering is again given 

,2 

i=l 


F 


i =n*22(ax.) 


n f2^(e^) lAM(a-T^) 

— — e b+ > 


^22^®m^ 


^22^®n^ 


Since the angle of scattering is small, 0.04 rad 


we 


can make the approximation, 
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^21 

^22 


“ Ef * 


Therefore, the total contribution to order n is given by, 


'n 


n 

n 

i=l 


^22^^i^ L [ Ii” >+ {2oi + 


S 


Af 
I f 


n iAM(d-x^) 
j; e |S+> 


r=l 


. ff f2e 


(^TL'X 3) (d^ 


n' 


-1 } £ jL+> ] (B-6 


The expression (B-6) differs from the conventional oxprossion^^ 
in the last term which is the contribution becsiuse of rather 
unusual behaviour of | L+ > . 


The angular integrations are carried over by a.ss\naing 

2 

a (xaussian distribution for 1 snail angles i,e. 

I f22(©)l^ 

whore b is the impact parameter such that tho diffraction 
cross-section is given by, 

= 2%h^ I f22(0)j (B-8) 

The n-Graussian distributiohs are combined according to the 
law of combination, 

/S If22(«i)l" «!i = &n(«) (B-9) 

1=1 

where is the normalized Gaussian distribution for the 

resultant a^ngle 9, 
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e-eV2b^ 
2Ti;n’o ^ 


such that 

/ G^{e) d Q = 1, 

The integration over depths is performed by Dyson’s 
'^8 

Technique"" . Since the functions involved in the present C8.se 
arc simple functions, the symmotrization of the function is 
not necessary. That is. 


D D D _n D , 

/ dx, / dxp / f(D»x. ^ f(x) 

° "^n-l ■ ° 

(B-10) 

Decay Intensities ; 

Since we are always interested in finding the time- 
dependent intensities for decays following regeneration, the 
intensity for appearance of any final st8,te jf^ is given by. 


n > Is 


where 


In (t) 


D 


D 


D 


= (NOp) / dx^ / dXg ... / dx^ 

O ^ -I 




< f|T|l- >e 


n-1 


-iM^t -iMc,t 

+ < -li TI S-4> e 


(B-11) 


S sf 


n ilH(d-T ) -iMrt 

^ - ^ } + i] < 4 T lS+ >e ^ 


{ Pq + ~ 2 0 


r=l 


(X X )(e..,T ) 
{2e ^ ^ -1} 


(B-12) 
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whore the transition amplitudos <fli|L-> and <fj T| S+> are 
given in terms of the coefficients ^ esplicitely we have, 

< f|T|l- >= o; '{T^/ [El C-|2]* 

n 

and (B-13) 

< f| T| S+> = 0+ frg/ [s |0+|2]* 

Let denote the efficiency of detector for n-th 

order scattering, then the total resultant intensity for decay 
into final state [ f > is 


l'^(t) 


E ifCt) 
n=0 ^ 



-P 

where I^Ct) is the intensity corresponding to the coherent- 

transmission regeneration i.e. 

^ . -iMyt -iMqt 

I^(t) = |<fl Tjl- > e ^ +<flT|S+>pge 

-iM t P 

+ p < f |T |S+> e ^ +r-|^) 

where = exp detorninoa the amplitude of 

transmitted component of |L+ >( present initially in the 
incident beam of Kj^) relative to the transmitted component of 
|I->, . and ej = 1. In practice, ~ (e)^‘ where e is the 

average detection efficiency ( ~ 0.9). 
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The two pion decay intensity is given by, 
I 


2 „(t) = |< 2 ,t|T|S +>|2 f|p| 2 e S* + I p |2 I e 




+ Si'll |Pgl/® e 
iZliMt+i9^-i9, 


-(r c-tTT)-fc/2 


Re{e 




[ ^1^ + P 


4ajj(G-l) 

HCJm 


1 

-v)n 3 


where a = ; G 


F.G 

X 

®(n) nl > ^ ®(n+r) nT 


|ol " = |P Si' + E F^] 


B = 4a^/o^ 

■o g. 


A = 


a 


1-e 


iAMd 


rMT 




-r^d 


(1-e yrgd 


The leptonic charge asyrametry, defined by, 

I(Kt^ tc" 1 '*’v) ~ KKt-^ 


6(t ) 




can be written as. 


_(r -F )t/2 

6(t)=:6^+2jpgle ^ ^ [cos (^imt+9^) 


2ct. 


^ F-, cos (Amt + 9 - 9’*)] 


CTij, 1 
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for the thick iiregen era tors s.t. |pg!>>rnj • 

The asymptotic charge asymmetry, 6-, is given hy, 

6^ = 2Re [ P ( 1+4 Cjj/a ) . ( G-1 ) ] /G 


and. 


9 ' ’= arg( if/i). 
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